The proposed strategy for WIPP project investigations of fluid migration in evaporites focuses upon a quantitative evaluation of each of several proces ses. Potential short-and long-term problems arising from fluid migration are complication of waste retrieval and mobilization of waste nuclides. The strategy will attempt to determine the degree to which these potentials are realized with respect to five hypothetical types of waste-rock interactions: movement of waste containers, migration of nuclides, formation of radioactive brine pocket, radilytic generation of gas, and degradation of waste container. 
Introduction

Bedded deposits of Permian evapofites of the Ochoan epoch in southeastern Hew
Mexico's portion of the Delaware Basin are known to contain snail but finite amounts of liquids and gases. These fluid phases aproar to be at present inert in their host environments, due to physical and at least partial chersical equilibrium with their host rocks. They have continued to be inert for the past 200 million years (Powers, et al., 19TS) . However, there is evidence to indicate that this inertness nay not persist as the host rock is subjected to such WIPP-induced perturbations as (1) mining a cavity and 12) experimentally emplacing heat-generating radioactive wastes. Examples of the first perturba tion are observed in New Mexico potaBh mines. Stall accumulations of liquid and gas are periodically intercepted by the mining operation, and give rise to short-lived seeps, usually encountered near mudstone beds. An example of the second perturbation was simulated in heater experiments of Project Salt Vault, in which 'luids moved into the heatei cavity (Bradshaw and McClain, 1971 ).
The mobilization of fluid has the potential for causing the following short-term and long-term problems for the WIPP:
A.
The mobilization of the fluid could hinder or complicate any retrieval of waste required during the operational phase of the repository by causing waste packages to move or corrode.
B.
The mobilization of the fluid could increase the risk that the radionuclides will reach the biosphere after the repository has been decommissioned.
The ultimate objective cf the fluid migration program is to determine the degree to which the above concerns are realized. However, before this objective can be realized, a much better understanding of the mechanisms of fluid migrations must be acquired. Figure 1 shows the five adverse interactions (ellipses) which could lead to the general concerns described above. Also, Figure 1 shows the processes (rectangles) that lead to those interactions. The remainder of this document will address the following topics: a brief background discussion of the nature of fluids in bedded salt, descriptions of the adverse interactions and the processes that cause them, a description of the objectives of the fluid migration program, and finally general descriptions of methods that will be employed in the WIPP program in the WIPP program to meet the objectives. A detailed description of the task of fluid migration as presently formulated is given by Shefelblne (1979).
Background
Evaporite rocks contain three different sources of fluids:
(1) water of crystallization and hydroxyl in hydrous minerals, (2) intracryuialline fluid inclusions, and (3) intergranular fluids.
Wator of crystallization and hydroxyl occur in certain minerals In definite proportions of the mineral bulk composition. The RjO and OB groups (as H2O) are liberated at discrete temperatures, depending upon the specific mineral. Some minerals display multiple episodes of water and/or OB loss at a variety of temperatures (Suzuoki and Epstein, 1976) . The resultant lesshydrated new phases may exhibit more or lias reactivity towards other phases present in or near the rock.
Intracrystclline fluid inclusions are sometimes erroneously called "negative crystals"; not all of them are bounded by crystal faces. Syngenetlc fluid inclusions, for example, result from a local depletion from the mother liquor of the crystal components, resulting in the crystal lattice growing around the liquid, entrapping a quantity of it. Inclusion size can range from microns to centimeters. They can be mobilized upon rupture (resulting in some cases in decrepitation of the host grain) or in a temperature (or, less commonly, pres sure) gradient through changes in the solubility of the host mineral In the fluid in one portion of the inclusion relative to that in another portion of the inclusion. The temperatures and pressures at which fluid inclusions are mobilized by rupture or imposition of gradient can be expected to vary consid erably for different minerals and In situ conditions, and the mechanisms for movement are, in general, poorly understood. In addition, many fluid inclu sions are known to contain both liquid and gaseous phases. Furthermore, different sizes and generations of fluid inclusions will probably exhibit different mobilization behavior, at different temperatures, as will inclusions with different proportions and compositions of liquid and gas. Intergranular fluids occur in accumulations which vary in size from a thin film, as in the case of water absorbed on clay mineral surfaces, up to several hundred liters or more, as in the case of sporadically-occurring gas and brine pockets (aformentioned). Under some circumstances, these inclusions are isolated from one another much as intracrystalline inclusions. In other circumstances, the intergranular inclusions can form connected networks.
It is evident that fluid migration is a mineralogical, physio-chemical, and mechanical problem. Given the variations in mineralogy in and among evaporite environments and the necessity of using real rock for e:tperimental and analytical studies, a geologically generic evaluation (not understanding) of the problem can be approached only through a geologically site-specific strategy. Results garnered from studies of rocks 'from one locality will in general not be applicable to rocks from another.
Whereas the liquid fluids have solutes which can be quantitatively reckoned, the contribution of gaseous fluids cannot be over emphasized. The presence of such gaseous components as volatile sulfur species and various organics could have censquences which far outweigh those of the presence only of water with or without solutes. The chemical reactivity of theee is appreciable having the ability to enhance corrosion of container or mobility of: contents. Thus, the obvious trap of reckoning all volatile constituents as "water" must be meticulously avoided in a study of fluid migration. 
Related
Potentially Adverse Interactions
The adverse fluid-salt-waste interactions (ellipses) that may occur and the process (rectangles) leading to them are summarized in Figure 1 and are discussed in more detail below. If one of these interactions were to occur, It cannot be assumed that it will result in either an unsurmountable opera tional problem or a certain release of radionuclides to the biosphere. More evaluation will be required to assess their impacts on either the operation of the facility or its integrity.
The Figure 1 ellipses are described as follows:
A)
The fluids, the evaporites, an.1 possibly components derived from the corroded waste containers and/or '-.he waste itself may combine in the vicinity of a waste canister to form a low-melting point mixture. The heat from the waste canister may make the mixture sufficiently less viscous to allow the waste to move. During the operational phase of the facility, such movement of waste canisters could hinder their retrieval. Also, there is a very remote probability that the waste containers would move closer together, creating a concern about reconcentration of heat sources and fissile nuclides.
B)
The fluids may corrode the waste canisters and leach radionuclides from the waste. The fluid with the entrained radionuclides may then migrate away from the original waste'location. One mechanism has been identified which may cause this migration: fluid inclusions with a trapped vapor bubble have been observed to migrate away fran a heat source through a single crystal (a phenomenon first described by Wilcox, 1969).
C)
Even if the fluid with its entrained radionuclides does not migrate away from the original waste location, it could cause a problem by creating a pocket of radioactive fluid under lithcstatlc pressure. These fluids could reach the biosphere if the pocket is balled into at some time in future.
D)
The fluid may corrode the canister and come in contact with the waste. Gas may be generated by either the corrosion process itself or by radiolysis of the fluids by the alpha-emitters in the waste. If sufficient gas of higher molar volunes than those of native fluids is generated, it may cause the surrounding salt to flow or crack breaching the physical integrity of the repository t
E)
The fluid plus salt can corrode the waste containers to a point where retrieval of these containers would be made more difficult. Unlike the interactions described above, this interaction is mainly applicable to the non-heat producing contact-handled waste, a portion of which may be stored in mild steel containers. Slight changes in the moisture content (such as raising the relative humidity from 50 to 75 or 80ft) in the air in the vicinity of these containers can caune an increase in the corrosion rate.
Processes of Importance to Assessment of Consequence of Fluid Migration
The rectangles in Figure Table 1 ).
Almost certainly the source of fluid migrating toward heat-producing waste Is fluid trapped in the evaporltes as intragranular fluid inclusions, as fluid associated with grain boundaries, or as water in hydrous minerals. Although it ii known that all three forms exist, the relative importance of each form is not known. In fact, the variations In total volatile content of evaporites are not well known.
The most commonly cited conduit-force combination for fluid migration is the migration of fluid inclusions up a temperature gradient. Since the solubility of evaporites typically increases with temperture, salts will be dissolved from the hot side of an inclusion and deposited on the cold side. This phenomenon has been observed for fluid inclusions in single crystals, but there is evidence that the smaller inclusions are trapped when they encounter a grain boundary.
Another mechanism is to assume that the evaporlte rock is permeable and that fluids can be forced toward the waste by such mechanisms as the vapor pressure of the fluid or the stress gradient in salt. Since relatively larger pockets of fluids and/or gases are occasionally encountered in salt deposits. It is evident that undisturbed salt rock under lithostatlc pressure has little or no permeability. However, it Is possible that the stresses generated by mining the repository, thermal expansion of the heated salt or the vapor pressure of the heated fluids could fracture the salt to the point that it becomes permeable.
Fluid Mobilization Toward Contact-Handled Waste. The mechanism for water mobilization toward contact-handled waste stacked in open drifts is almost certainly driven by the hygrosoopic nature of many evaporites. If the humidity in the air around the waste stacks exceeds certain critical values, a relative humidity of about 75 percent for pure NaCI, the salt will absorb water from the air to the point that a brine is formed. If this brine forms on the mild steel waste containers, they will corrode relatively quickly.
As shown in Figure 2 , there are at least three potential sources for water: release of trapped water during the excavation of the repository, water vapor introduced with inlet ventilated air, and water vapor introduced during the operation of repository. It will be very difficult to quantify many of these sources. Also, the interaction between the water vapor and the evaporation will be complex because of the complex mineralogy of the evaporites.
Encounter of fluids with influence of waste form. In this process, the fluids approach the waste form closely enough to experience effects in addition to that of simple mobilization. The influences of increased temperature and radiation flux near the waste form may give rise to changes in the properties of the fluid and perhaps even the rock. The heat might spawn new phases such as a vapor, or simply rearrange existing phases to give rise to local recrystallization, change in brine solute content, or different gaseous species from those native. An "encounter" of fluids with influence of waste form does not necessarily imply physical contact and subsequent physiochemical interactions.
Corrosion of waste container. One of the obvious consequences of interac tion between fluids and waste container is the possible corrosion and degradation of the waste container itself. The contribution of these fluid migration studies will be to specify the fluids and native minerals available for such interactions. Studies of corrosion of waste containers will not be addressed here.
Release of nuclides from waste form. If the container is corroded to expose nuclides to the rock, new phases of varying mobility might form from the interaction of rock, fluids, container and nuclides and their matrix. Again, the contribution of these studies will be to specify the natural materials available for such interactions.
Formation of mixtures with lower melting points than those of native materials. Processes 3, 4 and 5 above could contribute to the formation of net/ phases (such as melts and solutions) by addition of components so to produce a mixture of lower viscosity than that of the original host rock. The wasta form could then move in this lower viscosity medium. The amounts of various components necessary to enable this will vary with the mineralogy and texture of the rock in the immediate vicinity of the waste form. The nature of the bedded evaporites is not 1000 meters of pure sodium chloride containing unlimited quantities of fluid inclusions. The proposed repository horizons are rock salt between beds of less soluble components such as anhydrite and clays. Thus, the movement of a waste form in a locally developed medium of low viscosity is expected to be finite.
7.
Reversal of direction of fluid mobilization. The HIPP Geological Characterization Report (Powers, et al., 1978) contains numerous references to investigation of fluid inclusion migration, mostly in single crystals. It has been found that under certain circumstances, fluid inclusions moving up a temperature gradient disproportionate to form a vapor and a liquid, which moves down the temperature gradient until the vapor condenses. (Fluid is evaporated on the hot side of the inclusion depositing its dissolved solids, and the vapor condenses on the cold side dissolving the salt.)
The exlstance of mechanisms other th&n vapor/fluid inclusion migration cannot be discounted. For instance, if the major mechanism responsible for fluid migration toward the heat-source is the permeability caused by the stress gradient fractures, this permeability may allow the fluid contaminated with radionuclides to migrate away from the original waste location. To a large extent, these processes must be considered hypothetical because there is little or no experimental evidence of ther existence.
Entrainment of nuclides in fluids. A consequence of Processes
Overriding Concerns and Technical Objectives
The prime directive of this endeavor to understand fluid migration shall be to conduct only those studies which ultimately provide numerical results which directly support the assessment of consequences of fluid migration to the safety of conversion of WIPP to a repository. The validity and usefulness of the results will naturally have their roots in the experimental design.
An equally important directive for experimental design Is to achieve as realistic a simulation cf anticipated in situ conditions as practicable and allowed by the state of our understanding. This precludes the familiar "worst-case" approach. "Worst-case 1 * treatments can be misleading if results of such are applied without a commensurate fundamental understanding of the underlying assumptions. The apparent discovery of a "worst case" might supplant consideration of an equally "bad" {unmitigated or unmltigateable) case.
The ultimate directive is this: to provide the data necessary for confidence in a consequence assessment of geological processes stemming from an under standing of the processes, not from engineering for the "worst case." Thus, the technical objectives of the fluid migration study are to gain an under standing of the phenomena. This will require addressing the following topics. The general geochemistry of the volatile constituents in tns HIPP evaporites, given the paucity of data, Is poorly understood. The few extant data have confirmed the expected dependence of volatile constituency upon mineralogy. The characterization of volatiles will require subjecting a large selection of evaporite samples to stepwise pyrolysis to temperatures in excess of BOOoc, and simultaneous collection of gas chromatograms and mass spectra. The raw data and experimental conditions of these analyses will be preserved to serve as a record of each set of analyses, and to facilitate reprocessing of the data for statistical correlations as more data become available. These experiments will serve to recover analyses of all the volatiles in a sample (hence, required heating to 8000c or more). Complete recovery of volatiles Is a form of assurance that the volatiles have not been recombined with solids at some arbitrarily lower cut-off temperature. The high temperature is necessitated by the fact that complex chloride solutions typical of evaporites tend to have extremely low vapor pressures. The data from these investigations will allow a complete determination of the amounts and kinds of fluids available to participate in any particular sample of rocl', whether it be borehole core or mine exposure.
Preliminary experiments (Powers et al., 1978) have shown that by pyrolysis/gas chromatography/mass spectrometry it is possible to identify generations of volatiles originating from the various mineral sources of volatiles. The contribution of intergranular fluids is the most difficult to evaluate. A possible approach is microanalysis of grain boundary residues remaining after exposure, and comparison of the solids with primary mineralogies in adjacent grains.
2.
Mathematical simulation. Given the fluid source term (Method #1) and models of migration of fluid inclusions explicated in the literature for single crystals, migration of fluid through the evaporite rocks will be numerically simulated. Also, models will be developed to describe the other mechanisms outlined in Table 1 and Figure 2 . The validity of the use of a particular mechanism in modeling calculations can then be tested in subsequent experiments.
Mathematical modeling is an iterative process, to be used for prediction of experimental results. The ultimate selection of a proper theoretical model is achieved after successful prediction by a model of a variety of experimental results. As well as being iterative, mathematical modeling is interactive. It must be cognizant of each experimental result, and re-evaluate the modeling approach in the light of each result and be prepared to make appropriate changes.
Microscopic observation of phenomenology of fluid inclusion movement. This process involves placing polished evaporlte plates on a heating stage, establishing calibrated temperature gradients, and documenting the paths and rates of movement and morphologic changes of the inclusions as they migrate in the temperature gradient. At best, the results of this method will allow confirmation or modification of the numerical parameters used in the mathematical modeling. At worst, it will allow an assessment of the relative importance of intragranular ("pass-through mode"} or intergranular ("rupture mode") paths that fluids tend to take during migration (see Table 1 ). In any case, these results will be useful in predicting results of subsequent experiments*
The Stress. One of the proposed conduits for the migrating fluid is th? permeability of the evaporite. It Is known that this permeability can be reduced significantly and the solubility of salt can be increased by placing the sample under hydrostatic pressure. A series of exprintents need to be performed to measure the effect of stress on the fluid migration.
d. Water vapor pressure at the sample surface. In most of the previous tests, the water vapor pressure at the surface of the salt has been maintained at low levels by flowing dry gas over the sample surface. This will cause water to evaporite from the migrating fluid and may distort the results. A series of experiments need to be performed where water vapor Is not forcibly and continuously removed from the system. e. Phase changes. A series of analyses need to be conducted to deter mine the changes in mineralogy and volatile constituents remaining in the rock after various episodes of experimentation. Microchemical analyses may enable the tracing of fluid migration by following the recrystallization track and identifying products of rock/fluid inter actions in host crystals and at grain boundaries.
6. Determination of nuclide carrying capacity of migrating fluid. This method has direct bearing on process B. The question here is whether nuclides become entrained in fluids migrating in evaporites or whether the nuclides become preferentially entrapped in the evaporites. The process might be analogous to zone-refining, in which either the fluid or the rock gets nuclides zone-refined out. This determination would prob ably best be done on a microscopic or laboratory bench scale, doping a rock salt sample with a low-activity nuclide or stable simulant, applying a temperature gradient and determining the amount of dopant migration. Sorption on grain boundary material of the simulants can be evaluated by microchemical analyses.
7.
In situ simulation of evaporite heating by cylindrical waste forms. Since this experiment must be performed in a mine, the conceptual planning of it must await acquisition of a mine environment which can come under Sandia control.
8. Characterization of phenomenology of igneous intrusive effects on evaporites. The northeast-trending (lamprophyre ?) dike intruding the evaporites about 10 miles northwest of the WIPP site center appears to represent a natural laboratory experiment involving high-temperature interactions among salts, groundwaters and "alien" mineralogies such as emplaced waste would also represent. The igneous intrusion does not exactly simulate emplaeed waste, because magmatic temperatures are about a factor four higher than those of emplaced waste, and the mafic intrusive is not geochemically identical to emplaced waste. There are, however, a number of fruitful pursuits:
a. Numerical modeling of the original temperature distribution in dike and country rock. 
